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Abstract: The unprecedented technological development and economic growth over the past two
decades has resulted in streams of rapidly growing electronic waste (e-waste) around the world. As
the potential source of secondary raw materials including precious and critical materials, e-waste
has recently gained significant attention across the board, ranging from governments and industry,
to academia and civil society organizations. This paper aims to provide a comprehensive review of
the last decade of e-waste literature followed by an in-depth analysis of the application of material
flow analysis (MFA) and life cycle assessment (LCA), i.e., two less commonly used strategic tools to
guide the relevant stakeholders in efficient management of e-waste. Through a keyword search on
two main online search databases, Scopus and Web of Science, 1835 peer-reviewed publications were
selected and subjected to a bibliographic network analysis to identify and visualize major research
themes across the selected literature. The selected 1835 studies were classified into ten different
categories based on research area, such as environmental and human health impacts, recycling and
recovery technologies, associated social aspects, etc. With this selected literature in mind, the review
process revealed the two least explored research areas over the past decade: MFA and LCA with 33
and 31 studies, respectively. A further in-depth analysis was conducted for these two areas regarding
their application to various systems with numerous scopes and different stages of e-waste life cycle.
The study provides a detailed discussion regarding their applicability, and highlights challenges and
opportunities for further research.

Keywords: electronic waste; literature review; keyword co-occurrence network; material flow analy-
sis; life cycle assessment

1. Introduction

Electronic waste (e-waste) is one of the fastest growing waste streams in the world,
making its management one of the greatest challenges we are facing today. It is sensible to
argue that the drastic increase in the use of electrical and electronic equipment (EEE) along
with the rapid technological advancements and economic development during the last
two decades have resulted in the consequent escalation of end-of-life products, commonly
referred to as e-waste [1]. In 2019 alone, approximately 53.6 million metric tons (Mt) of
e-waste was generated globally, whereas only 17.4% of this was recycled properly [2].
Proper handling of e-waste and efficient recycling can enable the recovery of valuable
raw-materials, which not only reduces the demand for finite primary resources, but also
brings significant economic and environmental benefits [3]. Various authors have asserted
that lack of reliable data on e-waste generation and incomplete knowledge on the material
flows after end-of-life are major challenges for better management and material recovery
from e-waste [1,4,5]. This systematic literature review provides a comprehensive overview
of e-waste literature from 2010 to 2020 with the aim of understanding the applicability of
strategic tools, such as material flow analysis (MFA), in e-waste research. This paper will
first provide a brief background on e-waste, followed by the literature review methodology,
results and discussion, and conclusions.
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1.1. Electrical and Electronic Equipment and E-Waste

The electrical and electronic equipment (EEE) includes “a wide range of products with
circuity or electrical components with a power or battery supply” (Step Initiative, 2014;
p- 4) [6]. EEE has become an integral part in the global economy due to the rapid rise in
technological innovations and widespread global economic development [2,7]. Digitization
of day-to-day operations along with the lowered costs and higher levels of disposable
income have dramatically increased access to electronics, resulting in an exponential
growth in usage [4]. It is reported that, on average, the total weight of electronics used in
the world increases annually by 2.5 million Mt, which is dramatically high compared to
the annual growth of the recycling rate of 0.4 Mt [2]. Increased consumption as well as
shortened lifespans of electronics with quickly outdating technologies have paved way to
an inevitable increase in their waste counterpart, e-waste.

Electronic waste, or e-waste, refers to “all items of electronic and electrical equipment
and its parts that have been discarded by its owner as waste without the intent of re-use”
(Step Initiative, 2014; p. 4). E-waste is also referred to as waste electronics, e-scrap, end-of-
life (EoL) electronics, or more often as waste electrical and electronic equipment (WEEE).
There is a large variety of EEE products on the market with different material compositions,
functions, lifetimes, and end-of-life attributes, making it essential to have a sensible and
practically useful categorization for grouping EEE [8]. The WEEE Directive [9], enforced
in the European Union (EU) member countries, initially listed 10 categories for which
data should be collected: (1) Large household appliances; (2) small household appliances;
(3) IT and telecommunication equipment; (4) consumer equipment; (5) lighting equipment;
(6) electrical and electronic tools; (7) toys, leisure, and sports equipment; (8) medical devices;
(9) monitoring and control instruments; and (10) automatic dispensers. During the recast in
2018, the WEEE Directive listed the following six categories that should be reported from
15 August 2018, which is the categorization currently in use [2,8].

1.  Temperature exchange equipment (cooling and freezing equipment)—includes refrig-
erators, freezers, air-conditioners, and heat pumps

2. Screens and monitors—includes televisions, computer monitors, laptops, notebooks
and tablets

3. Lamps—includes florescent lamps, LED lamps and high intensity discharge lamps

4.  Large equipment—includes washers, dryers, dishwashers, electric stoves, large print-
ing and copying equipment, and photovoltaic panels

5. Small equipment—includes vacuum cleaners, microwaves, ventilation equipment,
toasters, electric kettles, electrical and electronic toys, and small medical devices

6.  Small IT and telecommunication equipment—includes mobile phones, global position-
ing systems (GPS), pocket calculators, personal computers, printers, and telephones

Regardless of the differences in economic values, material composition, lifetime pro-
files, and waste quantities, all EEE is capable of generating severe environmental and
human health impacts if recycled inappropriately [7].

1.2. Trends in Global E-Waste Generation

According to the ‘Global E-waste Monitor 2020°, which is the most recent source of
e-waste estimations [2], approximately 53.6 million Mt of e-waste was generated in 2019
alone, which is equivalent to 7.3 kg per capital. The global quantity of e-waste is growing
exponentially with a current increase in almost 2 Mt per year and it is estimated that
the total generation will exceed 74 Mt in 2030. Although the rate of generation increases
rapidly, the recycling rate of e-waste does not seem to increase fast enough to keep up. In
2019, only 17.4% (9.3 Mt) of e-waste was formally documented to be collected and properly
recycled. Although it is an annual growth of about 0.4 Mt since 2014, it is significantly low
compared to the global growth rate of e-waste which is 2 Mt annually. The lack of formal
collection or recycling data on a large fraction of e-waste generated (82.6% in 2019) implies
that this e-waste is likely dumped, traded, or recycled improperly. When the geographical
distribution is considered, 54.8% of global e-waste was generated in Asia in 2019 which was
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equal to 24.9 Mt. Interestingly, the highest per capita generation of e-waste was reported in
Europe, with a value of 16.2 kg per capita [2].

1.3. Impacts Associated With E-Waste

Staggering amounts of e-waste is a critical issue today due to the associated long-
lasting consequences it can have on both people and the planet. E-waste contains several
hazardous and toxic substances including heavy metals such as cadmium (Cd), lead
(Pb) and mercury (Hg), brominated flame retardants (BFR), chlorofluorocarbons (CFCs),
polybrominated diphenyl ethers (PBDEs), and polychlorinated biphenyls (PCBs) [10,11].
Artisanal or informal recycling (manual sorting, dismantling, and open burning of e-waste)
without any safety precautions can lead to significant environmental pollution as well as
serious human health implications [5,10]. For example, heavy metals and toxics leaching
from e-waste due to improper landfilling or open burning can contaminate soil and ground
water, creating persistent impacts on the ecosystem as well as on food chains [10,12,13].
Moreover, researchers have found that exposure to toxic substances from e-waste can
create numerous health issues including but not limited to respiratory issues, thyroid
malfunctions, changes in temperament and behavior, changes in cellular expression and
function, adverse neonatal outcomes, infant mortality, and birth defects [12-14].

In addition to the environmental impacts upon disposal, e-waste also contributes to
climate change due to their material and resource intensity during material extraction, pro-
duction and even use. Electronics are comprised of a variety of scarce metals and rare earth
elements (REEs), which are limited in supply and would generate notable environmental
impacts during mining [11,15]. Nevertheless, manufacturing of electronics is associated
with significant amounts of carbon emissions even before reaching the consumer [11]. Thus,
improper management of e-waste can contribute significantly to global warming.

Despite regulatory efforts to control the transboundary movement, developed coun-
tries still export a large volume of e-waste into developing countries, such as China, Nigeria,
Ghana, Philippines, and India [16]. More often than not, the workforce in the e-waste
industry are comprised of marginalized and poor populations including immigrants, pris-
oners, women, and children. As the World Economic Forum (2019) reported, although the
total number of people working informally in the global e-waste sector is unknown, it is
estimated to be approximately 100,000 people in Nigeria and 690,000 people in China.

1.4. Opportunities for Material Recovery

In the perspective of material composition, up to 69 elements from the periodic ta-
ble can be found in EEE, making the e-waste stream extremely complex [2]. While iron,
aluminum, and copper account for the majority of the weight of raw materials found in
WEEE, it also includes other precious metals (e.g., gold, silver, platinum, palladium, copper,
rhodium, etc.) and critical raw materials (CRMs) (e.g., antimony, bismuth, cobalt, palla-
dium, indium, and rare earth elements, etc.) [7,17]. According to global estimates for 2019,
Forti et al. (2020) estimated the value of selected raw materials found in e-waste to be ap-
proximately 57 billion USD. Given that the global availability of raw materials is constantly
under pressure due to increased demand in many industries, market price fluctuations,
and environmental and human health issues related to primary extraction, e-waste could
be considered an important source for the mining of secondary raw materials [17,18].

Access to CRMs has become a notable concern for governments and industry due to
global supply constraint issues [19]. CRMs are the ones crucial for a system to function,
such as technology, company, country, region, and the whole world. In the meantime,
they are prone to potential supply risk [20]. Emerging technologies in the EEE industry,
including thin layer photovoltaics, Li-ion batteries, permanent magnets, fiber optic cables,
and micro-capacitors, pose a significant demand for CRMs. Moreover, some of the low
carbon technologies, including wind turbines, also account for a considerable fraction of
CRMs consumption, which is on the rise as nations attempt to meet their carbon emission
reduction goals for the Paris Agreement [15,16,19,21].
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As discussed in detail by Charles et al. (2020) and Habib (2015), availability of CRMs
is more of a supply bottleneck issue rather than a global scarcity [19,22]. Many nations face
CRMs supply issues only because most of CRMs production is concentrated in a smaller
number of countries (e.g., China, Brazil, and South Africa). Thus, one important solution
would be to consider material circularity to ensure products containing CRMs would retain
within an economy through reuse, recycling, and material recovery [18-20]. In this aspect,
WEEE becomes a lucrative source for the secondary supply of CRMs, opening significant
opportunities and incentives for efficient managing and recycling.

1.5. Managing E-Waste

Effective and proper handling of e-waste is essential to minimize the associated en-
vironmental and human health impacts. Effective e-waste management should consist
of proper collection and sorting, repairing and reusing whenever possible, end-of-life
processing to remove toxic compounds, recovering of valuable materials, and safe disposal
of toxic parts and non-recyclable residues [16]. Nevertheless, e-waste can be considered as
an attractive resource base for urban mining since it contains a large variety of valuable
materials, many of which are technically recoverable [7,23-27]. Due to precious metals such
as gold, silver, platinum, and palladium, the resource perspective of secondary raw mate-
rials for e-waste was reported to be worth 55 billion euros in 2016 [7]. Recycling e-waste
and recovering these valuable metals can reduce the burden for primary resource extrac-
tion through mining by catering to the global demand for scarce materials [4]. Although
there is a remarkable potential for resource recovery, e-waste management is currently
facing significant issues and challenges, making the e-waste problem an arduous one to
resolve [16].

One of the most critical gaps associated with e-waste management is the lack of
reliable data and statistics on the quantities of e-waste being generated [4,5,16]. Measuring
and monitoring e-waste quantities on the national and international level is essential in
addressing the e-waste challenge. Proper measurements and reliable data helps in tracking
developments, setting and monitoring targets, identifying the best practices for policy
implementation, preventing illegal dumping and improper handling, promoting recycling,
and creating jobs in the reuse and recycling sectors [7,8]. Data on e-waste is relatively
scarce in a majority of the countries, whereas harmonized statistics are currently available
only for Europe [5]. The United Nations University (UNU) has developed comprehensive
overviews of the global e-waste quantities in 2017 and 2020 [2,7], and have also published a
guidelines document [8] on measuring e-waste. However, significant gaps in national-level
e-waste stocks and flows still exist, both in developed and developing countries.

1.6. Tools for Assessing WEEE Generation, Management, and Associated Impacts

The complexity in WEEE management has prompted the need for suitable tools to
understand the generation of e-waste as well as to assess the associated environmental
impacts. Two such tools that are frequently used in waste management in general and
also associated with WEEE are material flow analysis (MFA) and life cycle assessment
(LCA). Both of these tools are frequently referred to in literature as useful in assisting
decision-making in WEEE management [28,29].

Material flow analysis (MFA) is popular among many researchers around the world
as a valuable tool to study and manage complex waste systems [29]. Specifically in
resource management and waste management, MFA is considered to be an attractive
decision support tool [30], since it is capable of studying the route of materials flowing into
recycling sites and stocks of materials in space and time [29,31]. This tool can be applied
to understand issues and gaps in the value chain and develop appropriate management
strategies. It is especially beneficial for complex and distinct waste streams, such as e-waste,
where the waste is comprised of both valuable and toxic materials [29,30,32].

LCA is an effective and popular environmental management tool that is capable of
evaluating environmental impacts of a product or a service and can help to identify hotspots
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and potential for improvement [33,34]. Several researchers have recommended LCA as a
suitable tool to assess environmental impacts of waste management and also to compare
the environmental performance of various waste management strategies including WEEE
management [33,35-37]. Previous studies have also found that there is an increasing trend
of LCA application in waste management research [34]. Two recent reviews by Xue &
Xu (2017) and Ismail & Hamafiah (2019) focused on the application of LCA in e-waste
literature published before 2018 [33,34].

1.7. Rationale and Objectives

The recent spotlight on e-waste has gained significant attention from researchers
worldwide and has led to an increasingly rapid growth of related publications [38]. Thus, it
is crucial to systematically analyze the available literature in order to understand the
trends, major focus areas, methodologies, and research gaps. A number of reviews
(e.g., [28,29,33,38,39]) related to WEEE management have been carried out to date, provid-
ing a wide range of information on the global trends of e-waste generation, associated
environmental impacts, recycling and recovery aspects, etc. Most of these reviews focus
on specific issues related to WEEE whereas a general overview of all WEEE literature is
quite rare. One such comprehensive review was published by Pérez-Belis et al. (2015) [38],
which provided an overview of e-waste literature published prior to 2015. However, re-
search that was published within the last five have not been captured comprehensively
in any such review so far. With the increased global attention on resources and waste in
general after the introduction of Sustainable Development Goals (SDGs) in 2015, it would
be interesting to evaluate how the WEEE research has evolved over the last five years.
Thus, the aim of this paper is to conduct an in-depth literature review on WEEE andto
provide a panoramic view of the available literature to create a common framework of
knowledge in this field. This paper aims at identifying the main areas of e-waste research,
the countries, and methodologies. The current review also aims to delve deep into e-waste
research that utilized MFA and LCA as strategic tools to understand their applicability and
future research potential. In a previous review [33], Ismail & Hanafiah (2019) emphasized
the need for further literature reviews on methodological aspects related to e-waste man-
agement, which further justifies the purpose of the current review. A recent review article
by [39] discussed the research trends, geographical scope, and current research practices
and applications in e-waste studies published from 2005 to 2019. The study used content
analysis as a method, where the sample size was 130 studies. Compared to this, our study
offers the most comprehensive review of e-waste research being conducted over the last
decade (2010-present) with a starting sample size of 1835 studies. The present study is
unique from previous literature reviews since it serves two distinct purposes; (a) provides
a comprehensive overview of all e-waste literature over the last decade by identifying key
research areas and gaps, and (b) provides an in-depth analysis of the application of MFA
and LCA in e-waste research.

2. Materials and Methods

This systematic literature review is based on an extensive search in two selected
research databases, Scopus and Web of Science, by using a keyword search. These two
databases were selected for the literature search due to their size, coverage, and relevance in
the subject field. Peer-reviewed journal articles published after 2010 that had the keywords

”ou

“e-waste”, “electronic waste”, “Waste Electronic and Electrical Equipment”, “WEEE”, “End
of life electronics”, “Waste electronics”, and “In use stocks of electronics” in the title were
filtered out from both databases. Since the selected keywords covered all possible uses
of ‘e-waste’, it was assumed that, if a study was mainly focused on e-waste, one of these
keywords must appear in their title. Web of Science identified 1478 articles whereas Scopus
identified 1824 studies. After removing the duplicates, 1835 peer-reviewed journal articles
were selected for the desk review. This step-by-step filtering process is summarized in

Figure 1. The selected 1835 studies were first projected to a bibliographic network analysis
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for understanding the most and least frequently researched areas in WEEE literature.
Secondly, a more in-depth review was conducted to explore the application of MFA and
LCA in WEEE research.

Keyword search in Scopus and Web of Science (Title
only)

Scopus - 3140 results
Web of Science - 2366 results

Limiting the temporal range to 2010 to
2020

Scopus - 2658 results
Web of Science - 2013 results

Title and abstract review to

Bibliographic network
analysis to identify

categorize articles according to

| I research focus (10 categories)

main research themes

In-depth review of studies In-depth review of studies

that applied MFA (33 studies) that applied LCA (31 studies)

Figure 1. Summary of the literature review methodology.

2.1. Bibliographic Network Analysis

Bibliographic network analysis, also known as Systematic Literature Network Anal-
ysis (SLNA), is a novel literature review methodology that is used to objectively explore
how previous research has addressed specific subject areas over time based on quantitative
measurements [40]. This method complements the traditional qualitative literature reviews
based on content analysis by providing an objective synthesis and a clear visualization of
the development of a research area over time in a rigorous manner [41]. Previous stud-
ies (e.g., [40,41]) have conducted SLNA using numerous tools such as citation network
analysis, global citation co-analysis, and keywords co-occurrence network analysis. In the
present study, a keyword co-occurrence network analysis was conducted using VOSviewer
(version 1.6.16) software [42] to analyze bibliographic data from the selected 1835 studies
and visualize the most recurring keywords and their co-occurrence in e-waste literature.

2.2. In-Depth Desk Review

The selected 1835 research articles were subjected to a detailed qualitative desk review
following the above bibliographic network analysis to further understand the focal research
areas in WEEE literature. Firstly, with careful screening of the titles and abstracts, these
articles were categorized into 10 broad research areas according to the research objective
of each study: (1) environmental and human health impacts; (2) recycling and recovery
technologies; (3) e-waste generation estimates and general management; (4) policy and
regulations; (5) material/chemical characterization; (6) social aspects; (7) material flow
analysis; (8) life cycle assessment; (9) circular economy; and, (10) other. It should be noted
that there were overlaps in the research objectives in some studies where one could argue
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they belong in more than one category. In such instances, one category was selected
based on the purpose statement of the study to avoid double counting. Secondly, the
research articles that have used MFA or LCA as a strategic tool (Categories 7 and 8 above)
were selected for further in-depth review given that MFA and LCA are two most popular
tools in quantifying actual environmental impacts of specific products or processes in a
systems perspective.

3. Results

Bibliographic analysis of the selected 1835 articles shows how the number of publica-
tions related to WEEE has increased steadily over the last decade (Figure 2). According to
the results, the number of research articles has almost doubled from 2015 to 2020, which
further justifies the need of the current review, which captures the more recent studies that
were not included in the previous reviews.

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2. Number of research publications related to WEEE from 2010 to Jan 2020.

The top five academic journals ranked in order of number of publications were
Waste Management (126 articles), Science of the Total Environment (97 articles), Journal of
Cleaner Production (89 articles), Environmental Science and Pollution Research (79 articles), and
Resources, Conservation and Recycling (71 articles).

3.1. Prominent Branches of E-Waste Research

Keyword co-occurrence networks are used to gather insights about major research
themes within a knowledge domain by identifying the most recurring keywords in publica-
tions [43]. The present study used VOSviewer software [42] to visualize the co-occurrence
of author keywords in the selected 1835 journal articles related to e-waste. From a total
of 3918 author keywords extracted from 1835 journal articles, keywords which occurred
at least ten times were considered for the keyword analysis. Accordingly, 84 keywords
met this criterion. Thereafter, keywords that solely meant ‘e-waste’ (e.g., WEEE, electronic
waste, waste electronics, etc.) were deliberately excluded since all selected articles were
focused on e-waste. A thesaurus file (a separate file that is used to clean data by merging
words with similar meanings, abbreviated terms, and excluding selected words/phrases)
was used to further clean the keywords and avoid repetition due to acronyms and scientific
notation. This reduced the total number of keywords included in the analysis to 73.

A keyword map generated from the present analysis is shown in Figure 3. The size
of the node indicates the frequency of occurrence while the distance and links between
nodes represent the relatedness and the number of times the keywords appear together.
In addition, the analysis identifies distinct clusters comparing the co-occurrence of the
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keywords. Present analysis revealed that the most frequently occurring keyword in the last
decade of e-waste literature is ‘recycling’ with 224 occurrences, followed by ‘heavy metals’,
‘pbdes’ (polybrominated diphenyl ethers), “‘pcbs’ (polychlorinated biphenyls), and “soil’,
indicating that the majority of the e-waste literature may revolve around recycling and
toxic chemicals. Clustering algorithm in the VOSviewer software generated four distinct
clusters after grouping the smaller clusters together.

The biggest cluster is the one that is shown in red in Figure 3, with 29 items containing
keywords related to environmental and human health exposure, mostly due to toxic
chemicals found in e-waste (e.g., heavy metals, PCBs, PBDEs, soil, lead, human exposure,
dust, etc.). This indicates that a larger proportion of e-waste literature concerns the negative
health and environmental impacts associated with e-waste. The second largest cluster
contains 15 items and is shown in green (Figure 3, middle left) in the keyword map. In
addition to the keyword ‘recycling’ which is centered in this cluster but connected to all
other clusters, a few other keywords such as ‘circular economy’, ‘waste management’,
‘reverse logistics’, ‘life-cycle assessment’, and ‘material flow analysis’ take prominence in
this cluster. This second cluster appears to represent research that links the recycling of
e-waste to the industrial ecology aspects, such as MFA and LCA. Moreover, the circular
economy, which has recently received a lot of momentum across governments, industry,
and academia, is appearing as a distinct node in this cluster. When the network map
was adjusted to illustrate the temporal distribution, it was distinctively observed that the
circular economy has appeared in e-waste research only over the last few years, and also
that a larger fraction of the most recent publications on e-waste has been related to the
circular economy (e.g., [19,31,44-49]). This indicates that, similarly to the growth of circular
economy research in general, its application in e-waste is also on the rise. The third cluster
shown in blue (bottom left) includes literature related to e-waste management in general,
consisting of keywords ‘sustainability, ‘e-waste management’, ‘informal sector,’, ‘China’,
‘India’, and ‘legislations’. The fourth cluster shown in yellow (top) contains keywords
related to material recovery, indicating that the recovery of precious metals and rare earth
elements using technologies such as bioleaching and hydrometallurgy is also an emerging
branch of research in e-waste literature. Thus, to summarize, this analysis has identified
four main branches of research in e-waste literature, namely, environmental and human
health implications, general management of e-waste and related policies, recycling and
reuse for material circularity, and recovery of precious metals and REEs.

It was observed that four countries, China, India, Ghana, and Vietnam, emerged as
nodes in the keyword map, indicating that a notable fraction of e-waste research was based
on these countries. Moreover, while the heavy metals cadmium and lead have gained
individual attention possibly due to their toxic characteristics, gold has emerged among
precious metals, suggesting a heightened attention relating to the recovery of gold from
WEEE. In addition, two industrial ecology tools, LCA and MFA, have also appeared as
prominent nodes in the recycling cluster, indicating a frequent application of these tools in
e-waste research.
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It should be noted that, among the 1835 studies that were considered, ‘circular econ-
omy’ appeared as a keyword only in 48 studies and ‘sustainability” in 37 studies. Research
related to policy and regulations contained a higher number of studies related to ‘EPR’
with 52 occurrences. As a concept that revolves around material recovery, ‘urban mining’
appeared as a keyword only in 12 articles. Although sustainable development goals (SDGs)
came into action in 2015, surprisingly only two studies have included it in the keywords,
suggesting that there are very few studies that have demonstrated a connection to SDGs.
Since these are much broader umbrella terms, it is possible that these concepts could have
been discussed in relation to the research topic in the body of the paper without being
included as a keyword. However, one could argue that those would certainly appear as
keywords if the concepts were a part of the essence of the research rather than a mere
recognition. Consequently, this analysis reveals that, although there is an ample amount
of research in all areas related to e-waste, the most prominent concepts related to sustain-
ability appear much less frequently in e-waste research, implying that the connection is
often overlooked.

3.2. Categorization of E-Waste Research According to the Research Focus

Although the keyword co-occurrence network generated a holistic view of e-waste
literature and the main branches of research, an in-depth review of literature is needed
to further understand focus areas in e-waste research and to identify existing gaps. The
careful review of the selected 1835 studies resulted in identifying 10 major focus areas of
e-waste research (Table 1). These categories were selected based on the primary research
objective of the study. However, all studies that used MFA or LCA as a tool in assessing
any aspects related to WEEE were grouped separately into two independent categories,
regardless of their focus. Studies that could not be grouped into any of the first nine
categories were labeled as ‘other” in a 10th category.

Table 1. Categorization of literature on e-waste published between 2010 and 2020 based on the research focus.

Research Focus No of Articles Description

Environmental or human health

Ecological risk and human health implications

1 . 717 resulting from improper handling and exposure to
impacts . .
e-waste due to heavy metals and toxic chemicals
. Methods, technologies, processes, and assessments of
Recycling and recovery . .
2 . 458 reuse and recycling of e-waste and material recovery
technologies
aspects
. . General management of e-waste,
E-waste generation estimates . . . . .
3 222 national/provincial-level estimations, predominant
and general management . i .
issues in collection, and overall management
4 Policy and regulations 105 Policies, legislations, and regulatory frameworks
related to e-waste
5 Material/chemical 7 Characterization of material and chemical
characterization composition of e-waste products
. . Social costs and benefits, consumer attitudes,
6 Associated social aspects 58 . .
perceptions, and behaviors related to e-waste
7 Circular economy aspects * 42 Studies that discussed CE concept as a main theme
' . ios th s F in achievine th
8 Material Flow Analysis (MFA) * 33 Studies that utilized MFA asa tf)ol in achieving the
research objective
9 Life Cycle Assessment (LCA) * 31 Studies that utilized LCA asa tgol in achieving the
research objective
10 Other 89 Studies that could not be categorized into any of the

other categories

* Research focus in some studies in these categories could overlap with other categories. However, considering the importance of identifying
the focus in these specific areas, studies that included a significant contribution in circular economy aspects, MFA and LCA were categorized

in independent categories.
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Among the various topics, environmental and health impacts due to e-waste was
the single most studied topic discussed by the researchers (717 articles) over the last
decade. The analysis shows that recycling and recovery technologies (458 articles) and
national/regional-level e-waste estimations and management aspects (222 articles) have
also gained notable attention in WEEE research (Table 1).

However, for a holistic approach in managing the e-waste supply chain to ensure sus-
tainability, understanding the quantities and identification of flow of materials along the en-
tire supply chain is found to be essential, as reported by many previous studies [1,15,16,50].
Although MFA and LCA have been constantly acknowledged as valuable tools in waste
management throughout literature [30,51], a comparatively smaller fraction of studies
seemed to utilized those tools for e-waste research.

3.3. Application of MFA in E-Waste Research

As observed during the current literature review, 33 studies have used MFA as a tool
to understand stocks and flows of e-waste in national/regional /product/element-level
assessments. The scope or the level of assessment was identified through understanding
the core topic of discussion and the system boundary, as previously carried out by [28]. If
the research considered all e-waste flows in general within the national boundary, then
the scope was considered to be ‘National level’. However, some national level studies
specifically focused on one or few electronic products as opposed to considering all WEEE
flows. Such studies that focused on five or less products were identified as ‘National level—
Specific Products’. When an MFA is conducted in a city or on a provincial level, the scope
was considered as ‘Regional’. There was a single study [52] that considered e-waste in a
group of universities, which is neither regional nor national and was grouped separately
with two other studies [53,54] that focused on method development. Studies considering
specific products and their element level flows were grouped as ‘Element level’.

When using MFA for waste management research, it is also important to pay attention
to whether the MFA model is a static or a dynamic model. A static MFA is a single-
year evaluation of product and material flows with a fixed product lifespan, whereas
a dynamic MFA is a multi-year evaluation of product and material flows with variable
product lifespans [30]. The dynamic material flow model applies lifetime distribution of
the static flow of a material to analyze and forecast its flow over time [55]. While the static
model relies on linear correlation, the dynamic model is based on probabilistic lifetime
distributions [30]. The present review attempted to identify whether each study used a
static or a dynamic model in the respective MFA.

As depicted in Figure 4, a majority of the reviewed studies (20 studies) have considered
a national-level assessment of e-waste stocks and flows. Among these, nine studies have
assessed the flow of all WEEE in general without specifying products. A similar trend
was observed in the review carried out by Islam & Huda (2019) which observed that 66%
of all e-waste MFA studies are national-level assessments [28]. This could be due to the
strict regulations that are being implemented by local and international bodies in recent
times [28]. Most of these studies focused on issues such as e-waste generation estimation
and material content in the generated e-waste stream. For example, Parajuly et al. (2017)
studied the general quantities and the management system of household electronics in
Denmark [1], Clarke et al. (2019) analyzed the WEEE management system in the United
Kingdom over the period of 2010-2030 and the potential climate impacts from this [56],
Mohammadi et al., (2021) estimated the stocks and flows of e-waste from 206 product types
in five Caribbean islands [5], and Golev et al. (2016) analyzed and modeled the overall
WEEE generation in Australia from 2010-2024 [57].
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Figure 4. Overview of WEEE research that utilized MFA as a tool from 2010 onwards (Each circle/triangle stands for an

individual study; shape denotes if the MFA used a static model or a dynamic model).

Analysis shows that 11 out of 20 studies that conducted national-level assessments
focused on the stocks and flows of five or less specific products. According to the present
review, personal computers, TVs and monitors, and mobile phones are the EEE product
categories that have received significant attention in MFA e-waste research (Figure 5).
Some studies considered only a single product (i.e., LCD (liquid-crystal-display) TVs in
Vanegas et al. (2017), mobile phones in Babayemi et al. (2017), and CRT (cathode-ray tube)
TVs in Gusukuma & Kahhat (2018)) [58-60], whereas some studies considered two or
more products (i.e., refrigerators and computers in Yi et al. (2019) [61], computers and
TVs in Lam et al. (2013) [62], and five products each in Andarani & Goto (2014) and
Lau et al. (2013)) [63,64].

Products such as mobile phones, laptops and desktop computers contain high amounts
of gold, silver, palladium, and other precious metals and rare earth elements, possibly
attracting more attention from researchers. Islam & Huda (2019) also state that product
specific channelization is a sophisticated issue that needs further consideration [28].

Besides national-level assessment, four studies have focused on the e-waste flows in
cities or provinces in a more local context. Cao et al. (2016) used MFA to understand the
generation, treatment, and public awareness of WEEE in Zhejiang Province, China [65].
Bahers & Kim (2018) used MFA to understand WEEE chain and extended producer respon-
sibility (EPR) implementation in the regional and urban context through a case study in
the Midi-Pyrénées Region and the Toulouse’s urban area in France [66]. Gonda et al. (2019)
highlights the importance of considering the regional spatial context for developing appro-
priate waste collection strategies by comparing the flows of EoL desktop computers in two
neighboring regions in Belgium [67]. In another study in Cuenca, Ecuador by Davis (2020)
developed and presented a replicable three-stage model to rapidly assess informal e-waste
systems in developing countries [68].
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Figure 5. E-waste products considered in national-level MFA studies.

Due to the availability of precious metals and REEs, some researchers tend to focus
on element-level assessments to understand the flows and stocks of specific elements.
During the current review, five such studies were identified. Ueberschaar et al. (2017)
focused on the recovery of Gallium from printed circuit boards and LEDs, whereas
Sommer et al. (2015) estimated the flows of cobalt from batteries using a static MFA [68,69].
Moreover, through an MFA in an e-waste processing facility that processes computer
hard disk drives containing neodymium-iron-boron (NdFeB) magnets Habib et al. (2015),
it was highlighted there were inefficiencies in the recovery of REEs within the existing
technology [15].

It was observed that both static and dynamic MFA methods were considered by the
researchers along with numerous supplementary methods and research techniques. Out of
the selected 33 studies, 10 studies used dynamic MFA model and 22 studies used static MFA.
The remaining study was a literature review [28] of e-waste MFA studies. Most studies
conducted the WEEE estimates using numerous complementary methods such as market
supply surveys, secondary literature, and dynamic product lifespan models including the
Weibull lifespan distribution function [1,50]. In addition, a combined approach of LCA and
MFA was used in two studies [70,71].

It is also interesting to look at the geographical distribution of e-waste MFA research.
It was evident that most of the studies were conducted in developed countries including
four studies in US, three studies each in Germany and Belgium, and two studies each
in Switzerland, India, Denmark, and Australia. This highlights that there are significant
research gaps in relation to e-waste flows in developing countries which are usually the
importers of e-waste.

3.4. Application of LCA in E-Waste Research

LCA is frequently referred to as one of the most suitable tools to assess environmental
impacts associated with waste management and to compare the environmental perfor-
mance of numerous waste management strategies including the handling and treatment
of WEEE [33,35,72]. The complex nature of WEEE as a waste stream demands a holistic
approach for the accurate assessment of associated environmental impacts, which is best
supplied through LCA application making LCA an inherently valuable tool in WEEE re-
search [73]. Furthermore, the last three decades have brought about strong methodological
developments in the LCA approach, making it a more applicable and appealing tool [33,35].

The current literature review identified 31 studies that have used LCA as a tool to
understand the life cycle environmental impacts associated with WEEE. Being the largest
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producer, consumer, and recycler of electronics, China appears to be the country with the
highest number of studies (eight studies) followed by Italy (four studies). However, it is
worthwhile to note that nearly half of LCA studies related to WEEE are from the European
region (15 studies), whereas only three developing countries (except for China) have at
least a single study among the selected literature.

Since the application of LCA in WEEE management notably varied from one study
to another, with the aim of presenting a clear understanding, this review categorized the
selected articles into three broad categories, i.e., (1) Literature reviews, (2) Methodological
frameworks for WEEE management, and (3) LCA of WEEE treatment methods/systems.
The first category contains articles that presented systematic literature reviews of e-waste-
related LCA studies. The second category includes studies that have presented novel
methodological frameworks, models, and approaches for e-waste management using a
life cycle approach. These studies may not have conducted a conventional LCA of WEEE
product/products, but rather utilized the LCA tool to develop a management approach or
a process. The studies that have conducted an LCA for selected WEEE product systems,
treatment methods, or material recovery processes are included in the third category of the
above classification. Categorization of the selected articles according to the published year,
country, and the type of study is illustrated in Figure 6 below.

3.4.1. Category 1: Literature Reviews on LCA Studies Related to E-Waste

The current review identified two previous literature review articles which analyzed
61 [33] and 33 [34] LCA studies in WEEE management. Although both studies presented
comprehensive overviews of WEEE literature associated with LCA, many recent studies
that were published on or after 2017 were not included in these previous reviews. Moreover,
instead of looking at the same aspects that were discussed in these previous review articles
(e.g., research subjects and types of WEEE, methodological choices, research scale, impact
category, etc.), the current review attempts to present a holistic view of the WEEE literature
according to the life cycle stage considered in the system boundary of each study. This
would enable the reader to understand which stage of the WEEE life cycle has more
significant research gaps.

3.4.2. Category 2: Methodological Frameworks for WEEE Management/Treatment

A number of studies used the life cycle approach to develop and assess novel method-
ological frameworks or conceptual models for managing e-waste. de Souza et al. (2016)
conducted an LCA of e-waste management system in the metropolitan region of Rio de
Janeiro, Brazil where they considered the whole life cycle of e-waste, i.e., from e-waste
collection to dismantling and recycling, and assessed the potential of implementing a
reverse logistics system using a multi-criteria decision approach [74]. In a similar study,
Song et al. (2017) presented a conceptual framework for the integrated management of
WEEE for China from a life cycle perspective [75]. A few other studies [76,77] presented
methodological improvements for LCA framework and its associated applications. For
instance, Jaunich et al. (2020) presented a qualitative, holistic framework to systematically
estimate life cycle impacts and costs associated with WEEE management and tested the
framework using the state of Washington’s e-waste management system [77]. It is impor-
tant to note that, although the underlying aim of these studies was to contribute towards
the methodological development of WEEE management in one way or another, there was
quite a variation from one study to another due to their research approaches, making it
difficult to compare.
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Figure 6. Geographical and temporal distribution of three types of LCA studies related to e-waste.

3.4.3. Category 3: LCA of WEEE Treatment Systems/Methods

Evaluation of WEEE treatment systems or resource recovery methods was the most
researched area in WEEE-related LCA studies according to the findings from the present
study. Out of the 31 studies included in the present review, 24 studies fell into this category.
Although there are multiple ways of analyzing the research content in these studies (i.e.,
based on the research subject, the research area and scope, and type of treatment, as
illustrated in previous reviews [33,34] by Ismail & Hanafiah (2019) and Xue & Xu (2017)),
this review focuses on taking a holistic view of the WEEE life cycle by assessing the system
boundaries considered in each study. This approach assists in understanding which stages
of the WEEE life cycle have been studied the most and where major research gaps in the
life cycle exist.

While some studies focused on only a single stage of the WEEE life cycle (i.e., the
collection or processing stage), some studies included several stages in their system bound-
ary. For instance, Gamberini et al. (2010) studied the WEEE transportation network in the
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north of Italy, considering only the collection stage [78]. Meanwhile, Sol€ et al. (2012) used
LCA to improve the collection and recycling of small WEEE (electronic toys) where the
system boundary included collection, pre-processing, and processing stages [79]. Similarly,
two other studies [80,81] included collection, pre-processing, processing, and also disposal
stages in their life cycle model. Except for the four studies mentioned above, all the other
studies excluded the collection phase from their system boundary, making them either
‘gate-to-gate’ or ‘gate-to-grave’ LCAs. From these, four studies (Barletta et al., 2016; Li et al.,
2019; Song et al., 2013; X. Song et al., 2017) [72,75,82,83] considered only the pre-processing
and processing stages making them ‘gate-to-gate’ LCA, whereas two other studies [84,85]
included the disposal stage as well by extending the system boundary to ‘gate-to-grave’.

Interestingly, 10 of the selected studies considered only the processing stage, studying
the recycling or resource recovery from e-waste. Among these, a few studies assessed the
recycling of selected WEEE products such as washing machines, refrigerators, air condi-
tioners and TVs [37], computers and TVs [86], and CRTs and PCBs [87], while [88] studied
the recycling of e-waste plastics into sustainable filaments for 3D printing. Some studies
focused on different metal recovery techniques from e-waste including hydrometallurgical
treatment (i.e., [83,89]) and bioleaching [90]. There was only one study that specifically
and solely looked at the disposal stage [91], which assessed life cycle environmental im-
pacts from incineration of misplaced WEEE and other special wastes, mixed with residual
household waste.

The study by Boldoczki et al. (2020) specifically stood out when considering life cycle
stages included in its system boundary [92]. This was the only study that included the use
of second-hand products into the system boundary. This study explored potential benefits
of preparing for reuse (PfR) compared to other waste management options for four white
goods (washing machine, refrigerator, range, and freezer) and four small electric devices
(PC, printer, monitor, and laptop) using LCA in which the system boundary extended
from preprocessing of the old product to the reuse of the new/second product. Findings
of this study suggest that, although the reuse of small electric devices leads to significant
reduction in environmental impacts since the use phase is less impactful in comparison
to production, the reuse of products with a European energy efficient rating of D and C is
not recommended.

3.5. Research Gaps in Existing Literature

Although it is not claiming to be an exhaustive content analysis, the present study
demonstrates how MFA and LCA concepts have been applied to study numerous scopes
related to different stages of the WEEE life cycle using a holistic approach. In relation
to MFA studies, it was observed that the existing knowledge on the stocks and flows
of e-waste in developing countries is extremely limited, especially in countries such as
Nigeria, India, Indonesia, and Ghana which have become prominent e-waste importers.
In order to discover the real efficiency of existing formal and informal e-waste recycling
systems and to identify the potential for improvement, further research on e-waste stocks
and flows in these developing countries is essential.

Moreover, when considering the element-level MFAs, there are still significant research
opportunities to study the flow of precious elements such as gold across national/regional
levels. Since precious metals can contribute significantly towards economic recovery
potential, further research in this area could induce more attention and motivation towards
a recycling economy.

Overall, most of the LCA studies were focused on assessing the recycling or resource
recovery strategies relating only to pre-processing and processing stages. This reveals that,
although there is an ample amount of knowledge regarding the impacts associated with
numerous recycling and recovery technologies, there are also significant knowledge gaps on
comparing these strategies with other management options, such as reuse and incineration
for energy. Only a limited number of studies have attempted a holistic approach to evaluate
WEEE management from collection to disposal or to the reuse of the second product. None
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of the studies took into consideration the “prevention” aspect into their system boundary,
which is the top priority in the waste management hierarchy.

4. Conclusions

This systematic literature review provides a panoramic overview of the last decade
of e-waste literature with an in-depth analysis of research that used MFA and LCA as a
tool to analyze and assess generation, flows and stocks, and the environmental impacts
regarding the handling and treatment of e-waste. E-waste is a growing area of research
with significant potential in both developing and developed countries. At present, the
majority of the e-waste research is focused on associated environmental and human health
impacts and recycling/resource recovery technologies. Although there is a larger fraction of
studies that have attempted to estimate the generation of e-waste using MFA, there are still
major data gaps in relation to national-level estimates for both developed and developing
nations. In addition, the MFA studies aimed at understanding the processing of e-waste
at pre-processing and recycling facilities are limited. Moreover, MFA has already gained
significant attention in e-waste research since it is capable of assisting in decision-making
in relation to the management of complex waste streams such as e-waste. However, more
research is required to deal with the assumptions being made while conducting e-waste
MFAs due to data limitation. Similarly, LCA research regarding e-waste generation and
handling is also sparse. This review emphasizes the need for more cradle-to-grave and
cradle-to-cradle LCAs to obtain a more holistic understanding of e-waste life cycle in order
to improve the current management practices and regulatory frameworks. Only a handful
of studies have integrated MFA with LCA to quantify the associated environmental impacts.
There is significant potential for future research for a combined MFA-LCA approach which
would be inherently valuable in decision-making with respect to efficient management
of finite raw materials. In addition, given that the circular economy is a fairly new field
of research which is still on a continuous development, regardless of the many studies
that were identified through our review, there is potential for further research on the
application of the circular economy principles in e-waste management. Nevertheless,
this review could be a starting point for any researcher interested in e-waste to gain a
preliminary understanding of the major research themes and gaps, and also to apprehend
the application of MFA and LCA in relation to numerous contexts related to e-waste.
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Abbreviations
EEE electrical and electronic equipment
Mt metric tonnes

MFA  material flow analysis

EoL end-of-life

WEEE  waste electrical and electronic equipment
EU European Union

REEs  rare earth elements

CRMs  critical raw materials

LCA life cycle assessment

SLNA  systematic literature network analysis
LCD liquid crystal display
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CRT cathode ray tube
PBDEs polybrominated diphenyl ethers
PCBs polychlorinated biphenyls
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